Addiction is a life-long affliction manifested by episodes of relapse despite prolonged abstinence. It is thought that the neuroadaptations that result from drug exposure represent a neurobiological mechanism for instituting long-term behavioral changes, highlighting the need to more fully understand the long-term molecular changes mediating drug craving and relapse 1 .
B r i e f c o m m u n i c at i o n s Addiction is a life-long affliction manifested by episodes of relapse despite prolonged abstinence. It is thought that the neuroadaptations that result from drug exposure represent a neurobiological mechanism for instituting long-term behavioral changes, highlighting the need to more fully understand the long-term molecular changes mediating drug craving and relapse 1 .
Activin, a member of the transforming growth factor-β superfamily, signals via serine/threonine kinase receptors type II and type I, which then phosphorylate Smad3 and induce translocation into the nucleus to regulate gene expression 2 . Activin signaling governs cellular and morphological plasticity associated with psychiatric disorders through both a canonical transcriptional pathway and a more direct mediation of mechanisms associated with structural plasticity 3, 4 . Thus, we hypothesized that Activin represents an intracellular bridge between proximal mediators of cellular and structural plasticity and long-term sustained transcriptional events, which may drive drug-taking behaviors.
To determine whether Activin signaling is altered by cocaine exposure, we trained rats to self-administer either cocaine (1 mg per kg of body weight per infusion) or saline (Supplementary Fig. 1a ). Tissue punches were taken from the NAc shell region 24 h (1 d of withdrawal, 1WD) or 7 d (7WD) after the last cocaine exposure (Fig. 1a) . Activin receptor 2a (AcvR2a) mRNA and protein levels (but not AcvR1b; saline, 1.000 ± 0.0573; cocaine, 0.9758 ± 0.0646; t test, t(14) = 0.2813, P > 0.05, n = 8 rats per group) were increased by 7WD (Fig. 1b,c) . These changes were not observed at 1WD from cocaine when compared with saline controls. Smad3 phosphorylation, but not total protein level, was increased following 7WD from cocaine (Fig. 1d) . The upregulation of Activin receptor/Smad3 signaling was specific to the NAc, as there was no change in the caudate putamen (CPu; Supplementary  Fig. 2a,b) . However, in the NAc core subregion, we observed a similar increase in AcvR2a protein expression, without a significant change in phosphorylated (p) Smad3 (P > 0.05; Supplementary Fig. 2c,d) .
In addition, these pathways were not altered acutely (1 h) following the final cocaine self-administration session ( Supplementary  Fig. 3a,b) , but remained elevated following re-exposure to cocaine self-administration after 7WD (Supplementary Fig. 3c-e ), suggesting that withdrawal from cocaine is required to initiate these adaptations that endure through future exposures to cocaine, which may represent a mechanism by which cocaine-taking remains stable following longer periods of abstinence 5 .
Using a within-session dose-response self-administration procedure ( Supplementary Fig. 1b ), we found that pharmacological activation of Activin receptor signaling by intra-accumbal microinjections of Activin A caused a vertical shift in cocaine self-administration, a model thought to reflect addiction-like vulnerability 6 , whereas rats receiving microinjections of the Activin receptor antagonist (SB-431542) selfadministered less cocaine ( Fig. 2a) . In a separate group of animals ( Supplementary Fig. 1c ), microinjections of SB-431542 decreased active responses during drug-induced reinstatement (10 mg per kg cocaine, intraperitoneal (i.p.)), whereas microinjections of Activin A increased active responses (5 mg per kg cocaine, i.p.; Fig. 2b ) compared with vehicle. Neither Activin A nor SB-431542 altered the rate of responding for a food reinforcer ( Fig. 2c) , the number of food reinforcers earned or locomotor activity ( Supplementary Figs. 1d and 4a-d) .
Viral (herpes simplex virus, HSV)-mediated overexpression in the NAc shell of a dominant-negative Smad3 (HSV-dnSmad3) in which the C-terminus serines are mutated to alanines (SAXA) 7 ( Supplementary Fig. 5a,b) , decreased cocaine self-administration at 0.1 and 0.3 mg per kg per infusion compared with the HSV-GFP control ( Fig. 2d and Supplementary Fig. 1b ). Overexpression of HSV-dnSmad3 also blocked drug-induced reinstatement (10 mg per kg cocaine, i.p.; Fig. 2e and Supplementary Fig. 1c ). Overexpression of the wild type (HSV-wtSmad3) increased the number of infusions self-administered at 0.1 and 0.3 mg per kg per infusion ( Fig. 2d ) and increased active responding during drug-induced reinstatement (5 mg per kg cocaine, i.p.) when compared with HSV-GFP ( Fig. 2e) , although no differences were observed in the rate of responding for a food reinforcer ( Fig. 2f) , the number of food reinforcers earned or locomotor activity ( Supplementary Figs. 1d and 4e,f).
Morphological evaluation of drug-induced (10 mg per kg cocaine, i.p.; Fig. 3 ) reinstatement of cocaine self-administration showed an increase in the density of dendritic spines on medium spiny neurons (MSNs) in the NAc compared with saline ( Fig. 3a,b) , an effect Activin receptor signaling, including the transcription factor Smad3, was upregulated in the rat nucleus accumbens (NAc) shell following withdrawal from cocaine. Direct genetic and pharmacological manipulations of this pathway bidirectionally altered cocaine seeking while governing morphological plasticity in NAc neurons. Thus, Activin/Smad3 signaling is induced following withdrawal from cocaine, and such regulation may be a key molecular mechanism underlying behavioral and cellular plasticity in the brain following cocaine self-administration. 9 6 0 VOLUME 18 | NUMBER 7 | JULY 2015 nature neuroscience B r i e f c o m m u n i c at i o n s that was completely blocked by HSV-dnSmad3. Conversely, overexpression of HSV-wtSmad3 potentiated the cocaine-induced increase in spine density (Fig. 3e,f) , which suggests that the modulation of the nascent spines governs reinstatement behavior. Furthermore, we compared spine head diameters as a function of spine subtype, which change following cocaine exposure and subsequent reinstatement 8, 9 . Drug-induced reinstatement (10 mg per kg cocaine, i.p.) of cocaine self-administration reduced the head diameter of thin spines, an effect that was blocked by HSV-dnSmad3 ( Fig. 3c) . Although cocaine had no effect on mushroom spines at this dose, HSV-dnSmad3 overexpression increased the head diameter of these more stable spines ( Fig. 3d) . At the lower priming dose of cocaine (5 mg per kg, i.p.), there was no change in the head diameter of thin spines ( Fig. 3g) , but the head diameter of mushroom type spines was increased, an effect that was mimicked and potentiated by HSV-wtSmad3 overexpression ( Fig. 3h) .
Regulation of transcription by Activin receptor signaling occurs via binding of Smad3 to Smad-binding elements on DNA or to coactivators with other transcriptional regulators 2,10 . Thus, we hypothesized that upregulation of Activin/Smad3 signaling in the NAc by withdrawal from self-administration mediates cocaine's ability to regulate MSN structural plasticity. We identified several putative Smad3 gene targets in the NAc based on Smad3 DNA consensus binding sites (β-catenin, NR2A, myocyte enhancer factor 2D, adenylyl cyclase-associated protein 2, drebrin, prodynorphin; Fig. 3i and Supplementary Table 1 ), each of which has previously been implicated in actin dynamics and cocaine-induced plasticity [11] [12] [13] [14] . Chromatin immunoprecipitation (ChIP) assays with Smad3 revealed that Smad3 binding was significantly increased with cocaine selfadministration at several of these same gene promoters (β-catenin, NR2A, myocyte enhancer factor 2D, adenylyl cyclase-associated protein 2, drebrin; Fig. 3j and Supplementary Table 2 ), suggesting that Activin/Smad3 activity may transcriptionally regulate key modulators of cocaine-induced plasticity in the NAc.
Together, these findings describe a previously unknown pathway in the regulation of cocaine-induced behavioral, cellular and morphological plasticity. Our data establish that upregulation of Activin/Smad3 activity induced by withdrawal from cocaine self-administration is both necessary and sufficient for a cocaine-mediated increase in drug-seeking/taking in a bidirectional manner.
The endurance of these cocaine-seeking behaviors is thought to result from a functional 'rewiring' of the brain that involves the alteration Figure 2 Manipulating Activin receptor/ Smad3 signaling alters drug-related responding. (a) Within-session cocaine self-administration dose response following microinjections of Activin A, Activin receptor antagonist (SB-431542) or vehicle into the NAc (two-way repeated-measures ANOVA: F 6,120 = 3.858, P < 0.01, n = 7-9 per group). (b) Active responses during drug-induced reinstatement following microinjection of SB-431542 (t 14 = 2.316, P < 0.05, n = 8 per group) or Activin A (t 16 = 4.013, P < 0.01, n = 9 per group, t test). (c) Rate of responding for a food reinforcer following microinjection of SB-431542, Activin A or vehicle (one-way ANOVA, F 3,24 = 0.4735, P = 0.70, n = 7 per group). (d) Within-session cocaine selfadministration dose response following viralmediated overexpression into the NAc of HSV-dnSmad3, HSV-wtSmad3 or HSV-GFP (two-way repeated measures ANOVA; dose, F 3,144 = 32.57; virus, F 2,144 = 11.42; interaction, F 6,144 = 5.007; P < 0.01, n = 9-11 per group). (e) Active responses during drug-induced reinstatement with overexpression of HSV-dnSmad3 (t 17 = 2.742, P < 0.05, n = 9-10 per group) or HSV-wtSmad3 (t 19 = 2.115, P < 0.05, n = 10-11 per group, t test). (f) Rate of responding for a food reinforcer following viral overexpression of HSV-dnSmad3, HSV-wtSmad3 or HSV-GFP (one-way ANOVA, F 2,19 = 0.4493, P = 0.6447, n = 7-8 per group). Data are expressed as mean ± s.e.m.; *P < 0.05 versus vehicle or HSV-GFP.
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B r i e f c o m m u n i c at i o n s of dendritic spine density in the NAc. Recruitment of Activin receptor signaling following 7WD, but not acutely after cocaine selfadministration, suggests the adaptations are independent of direct actions of cocaine exposure, but instead may be through long-term transcriptional and epigenetic mechanisms 1 . Psychostimulantinduced structural plasticity exists along a dynamic continuum, which represents functional changes in synaptic connectivity, strength (that is, long-term depression and potentiation) and postsynaptic glutamate receptor composition 15 . Immediately following re-exposure to cocaine, there is a reversion of spine type from the more stable mushroom to the thin type, correlating with changes in synaptic strength that ultimately mediate relapse [15] [16] [17] .
Cocaine-induced spine density changes represent a functional reconfiguration of neural circuits between the NAc and other areas of the brain (for example, amygdala and prefrontal cortex) that are critical for mediating future drug-related behaviors 8, 16, 18 . The increase in mushroom spines, which are thought to be more mature stable synapses with greater synaptic strength, may represent a relative increase in synaptic connectivity onto NAc MSNs and would further promote or attenuate drug-seeking behaviors in a cell type-and afferent-dependent fashion 19, 20 . Future work will be needed to distinguish how Activin receptor signaling may be differentially regulated in D1-or D2-containing MSNs or mediate synaptic efficacy of divergent NAc inputs, thereby controlling synaptic and behavioral plasticity.
Our findings provide a new insight into the molecular basis by which cocaine induces persistent cocaine-seeking. The Activin/Smad3 signaling cascade represents a possible mechanism for the long-term behavioral and cellular plasticity that govern relapse behaviors, and provides new directions for the development of therapies for cocaine addiction.
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Methods and any associated references are available in the online version of the paper. 
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Subjects. Naive male Sprague-Dawley rats (250-275 g) were allowed to habituate to the colony room for 2 d upon arrival. Rats had ad libitum access to food and water and were singly housed following surgery and for the duration of the self-administration phase of the experiments to protect the catheter/harness assembly. Behavioral testing took place 7 d per week during the dark phase of the 12-h light-dark cycle. No statistical methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported in previous publications [21] [22] [23] . This study was conducted in accordance with the guidelines set up by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo.
Self-administration test chambers. 24 standard experimental test chambers (MED Associates) were used. The intelligence panel had two snout-poke holes located on one wall of the test chamber. Two stimulus lights were mounted above the snout-poke holes, and a house light was mounted in the middle of the back wall of the test chamber. Snout pokes were monitored with infrared detectors. All test chambers were housed in isolation, which mitigates all external light sources and sounds, including the motors for syringe infusion pumps that were located outside of the sound-attenuating chamber. Test chambers were computer controlled through a MED Associates interface with MED-PC. The temporal resolution of the system is 0.01 s. Jugular catheterization and patency testing. Rats were implanted with chronic indwelling jugular catheters. The details of this procedure have been described previously 24, 25 . Rats were allowed 7 d to recover following surgery. The catheters were flushed daily with 0.2 ml of a solution of enrofloxacin (4 mg ml −1 ) in heparinized saline (50 IU ml −1 in 0.9% sterile saline) to preserve catheter patency. At the end of behavioral testing, each animal received an intravenous infusion of ketamine hydrochloride (0.5 mg per kg in 0.05 ml) and the behavioral response was observed to verify catheter patency. Loss of muscle tone and righting reflexes served as behavioral indicators of patency. Only rats with patent catheters were used in data analyses (<10% of animals tested for self-administration were excluded from the experiment due to loss of patency).
Regulation of Activin/Smad3 signaling following withdrawal from cocaine self-administration. 1 week after jugular catheter surgery, the rats were assigned to self-administer either saline or 1.0 mg per kg per infusion cocaine. Rats were tested for self-administration for ten test sessions, during which responses to the active alternative resulted in intravenous injections of cocaine (or saline) according to a fixed ratio 1 (FR1) schedule of reinforcement followed by a 30-s time-out period. Infusions were accompanied by a 5-s illumination of the stimulus light above the active snout-poke hole, and the house light was extinguished for the duration of the time-out period. Snout-poke responses to the inactive alternative resulted in no programmed consequences. Session durations were 2 h. Following testing, catheters were flushed and rats were returned to the colony room. The criterion for acquisition of cocaine self-administration was an average of ten infusions per day (<10% of animals tested for self-administration were excluded from the experiment due to failure of acquisition of self-administration). Following self-administration, rats were counterbalanced according to performance and assigned to 1 or 7 d withdrawal groups. For collection of tissue after 1 d of withdrawal (cocaine, n = 7; saline, n = 7), brains were collected 24 h after the last day of self-administration testing. Rats were killed by rapid decapitation, and brains were removed and sliced into 1-mm-thick sections using a brain matrix, and 2-mm-diameter tissue punches targeted at the NAc shell subregion were collected and rapidly frozen on dry ice. For animals undergoing 7 d of withdrawal (cocaine, n = 7; saline, n = 7), tissue was collected after the rats were returned to their home cages and left undisturbed for 1 week following the last day of cocaine-self administration.
For animals tested for acute exposure to cocaine, rats were killed 1 h following the last self-administration session (cocaine, n = 5; saline, n = 6). In re-exposure to self-administration experiments, rats were returned to their colony rooms and left undisturbed for 7 d. Rats were subsequently retested for a single selfadministration session (2-h self-administration) in an identical manner as in previous self-administration sessions, and killed 24 h after the re-exposure test (saline, n = 6; cocaine, n = 6). Brains were collected in a manner identical to those described above.
Pharmacological manipulation of Activin-receptor signaling in the nAc.
Cocaine dose-response. Rats were first exposed to a 5 d cocaine self-administration period during which animals underwent self-administration training as described above (5 d; 2 h per d; 1.0 mg per kg per infusion cocaine). On day 6, animals were subsequently trained on a within-session dose-response procedure for 5 additional days that has been described previously with a few modifications 21, [26] [27] [28] . Briefly, the 2-h self-administration period was divided into four 30-min components, each preceded by a 2-min time-out period. This arrangement allowed the assessment of a range of cocaine doses in a single session. The cocaine dose per injection was regulated by adjusting infusion volumes and pump durations. Rats were exposed to four doses of cocaine (0.03, 0.10, 0.30 and 1.00 mg per kg per infusion) for 30 min. The order of doses tested was pseudo-randomized such that the same doses were never tested in the same order during training. Following each test session, catheters were flushed and rats were returned to the colony room. After 5 d of within-session dose-response training (10 d total cocaine self-administration training), rats were exposed to a 7-d withdrawal. During this period, rats were implanted with bilateral guide cannulae (C235G-2.4; Plastics One) aimed at the NAc shell (all coordinates from ref. 29 ; NAc measurements from bregma taken from surface of skull: AP: +1.8, ML: +1.2, DV: −6.5 mm). Animals were handled daily and sham injected during the recovery period in order to habituate them to the microinjection procedure.
Following the 7-d withdrawal period and recovery from cannula surgery, rats were counterbalanced according to self-administration performance and assigned to receive microinjections of an Activin receptor antagonist (SB-431542; Sigma-Aldrich, St. Louis, MO) (0.01 µM µl −1 dissolved in a mixture of DMSO and PBS (1:2, vol/vol) for a total of 1.0 µl per hemisphere 30 , n = 8), Activin A (R&D SystemsN) (0.5 µg per hemisphere carrier-free dissolved in 0.1% bovine serum albumin (BSA, wt/vol) in PBS for a total of 1.0 µl per hemisphere 5 , n = 7) or vehicle; vehicles tested were statistically identical (data not shown: DMSO, n = 9; BSA, n = 9; 1.0 µl per hemisphere), and therefore subjects were collapsed into one control group: final n = 18). Microinjections were infused at a rate of 0.5 µl min −1 and injectors left in place for 10 min to allow for diffusion. Following microinjections, rats were placed in the operant chambers and retested on the within-session dose-response procedure described above. Brains were perfused following this experiment in order to verify cannula placement (<10% of animals tested for self-administration were excluded from the experiment due to anatomically incorrect cannula placements).
Drug-induced reinstatement. Following 10 d of cocaine (1.0 mg per kg per infusion) self-administration, rats underwent a 7-d withdrawal period, during which bilateral guide cannulae were implanted and handled daily as described above. Rats were returned to the experimental chambers for a within-session extinction protocol in which cocaine injections were withheld as previously described 5, 31 . Rats were exposed to extinction sessions in the presence of the house light and the cues that during training had indicated drug availability. The animals were allowed to respond for 8-10 1-h sessions (separated by 5-min intervals, during which the house light was extinguished) until their responses fell to less than 20 responses per session.
Following extinction, rats were counterbalanced according to selfadministration and extinction performances and assigned to receive microinjections of Activin A (same as described above) or vehicle (n = 9 each) 4 . Following microinjection, rats were injected with 5 mg per kg cocaine (i.p.) and returned to the operant chambers and tested for drug-induced reinstatement. An additional set of rats were assigned to receive microinjections of SB-431542 (same as described above) or vehicle (n = 8 each) 30 and were injected with 10 mg per kg cocaine (i.p.).
Food reinforcement. For these experiments, commercially available twolever operant chambers located in sound-attenuating, ventilated enclosures (Coulbourn Instruments) were used. Data were collected through an interface using Graphic State 3.03 software (Coulbourn Instruments). Rats were trained to lever press for food reward (45 mg; BioServ). During the daily 1-h training sessions, rats could press the right lever or left lever (both active) under an FR1 schedule and earn up to 50 food pellets. The response requirement was gradually increased to FR10 over a period of 10 d. Rats that did not earn 50 food pellets under an FR10 schedule on day 10 were excluded from the study (n = 2). Following food training, rats were implanted with bilateral guide cannula aimed at the NAc or injected with HSV-GFP (n = 7), HSV-dnSmad3 (n = 7) or HSV-wtSmad3 (n = 8) and allowed 1 week recovery from surgery before testing. In animals in microinjection experiments, rats received microinjections of SB-431542 (n = 7) or vehicle (DMSO in PBS, n = 7), or Activin A (n = 7) or vehicle (BSA in PBS, n = 7) before the test of food reinforcement.
Locomotor activity. Locomotor activity was recorded by an infrared motionsensor system (AccuScan Instruments) fitted outside plastic cages (40 × 40 × 30 cm). The plastic cages contained a thin layer of corn cob bedding and were cleaned between each test session. The Fusion activity-monitoring system software monitors infrared beam breaks at a frequency of 0.01 s. The interruption of any beam not interrupted during the previous sample was interpreted as an activity score. The Versa Max animal activity monitoring software monitors the distance the animal traveled in 1 h. Naive rats were implanted with bilateral guide cannula aimed at the NAc or injected with HSV-GFP (n = 7), HSV-dnSmad3 (n = 7) or HSV-wtSmad3 (n = 8) and allowed 1 week of recovery from surgery before locomotor activity was assessed. Locomotor activity was also assessed in rats receiving microinjections of SB-431542 (n = 7) or vehicle (DMSO in PBS, n = 7), or Activin A (n = 7) or vehicle (BSA in PBS, n = 7).
Generation of in vivo genetic tools to study the Smad3 pathway. Smad3 plasmids used to make the HSV vectors were generously gifted to us from J.-J. Lebrun (McGill University). To further understand the mechanistic role of Smad3 signaling in addictive behaviors, we generated HSV vectors containing dnSmad3 in which serines in the SSXS motif at the c-terminus (which confer activation when phosphorylated and allow for translocation) were mutated to alanines (SAXA) 32, 33 , and a wild-type Smad3 (wtSmad3) in a p1005 transcription cassette expressing green fluorescent protein (GFP) driven by a CMV promoter to allow for neuronal visualization. Such HSV vectors exhibit maximal expression 3-5 d post-injection 34 . The viruses were validated both in vitro and in vivo before use in behavioral experiments.
Alteration of Smad3 signaling in the nAc. Cocaine dose-response. Rats were trained to self-administer cocaine as described above for the microinjection within-session dose-response experiment. Rats were counterbalanced based on their performance, and during the 7-d withdrawal period, rats were assigned to receive bilateral injections of HSV-dnSmad3, HSV-wtSmad3 or HSV-GFP aimed at the NAc shell. HSV-GFP control animals were included for each replication of these experiments as an internal control for within-experiment validity. No behavioral differences were observed between HSV-GFP controls at any time between replicates, thus were collapsed across groups [final sample sizes: HSV-dnSmad3 (n = 10), HSV-wtSmad3 (n = 11) or HSV-GFP (n = 18)]. Injectors were set at a 10° angle (measurements from bregma taken from surface of skull: AP: +1.7, ML: +2.45, DV: −6.7) 35 and the HSV virus was manually infused at a rate of 0.2 µl min −1 for a total of 1.0 µl per hemisphere. Injectors were left in place for an additional 10 min to allow for diffusion. Rats were tested with the within-session cocaine dose-response procedure 3 d after viral injections, when maximal expression is observed. Brains were perfused following this experiment to verify viral targeting (<10% of animals tested for self-administration were excluded from the experiment due to anatomically incorrect cannula placements).
Drug-induced reinstatement. Rats were trained to self-administer cocaine as described above for the microinjection drug-induced reinstatement experiment. Rats were counterbalanced based on their self-administration and extinction performance, and during the 7-d withdrawal period after cocaine selfadministration training, rats were assigned to receive bilateral injections of HSV-dnSmad3 (n = 9) or HSV-GFP (n = 10). 3 d after these injections, rats were injected with 10 mg per kg cocaine (i.p.) and returned to the operant chambers and tested for drug-induced reinstatement for 1 h. In another set of animals, rats were assigned to receive injections of HSV-wtSmad3 (n = 10) or HSV-GFP (n = 11). 3 d following these injections, rats were injected with 5 mg per kg cocaine (i.p.), and drug-induced reinstatement was tested.
RNA extraction and quantitative real-time (RT)-PCR for AcvR2a. NAc tissue punches were collected 1 or 7 d after the last cocaine administration and immediately stored at −80 °C. RNA was isolated and purified from these samples using Trizol (Invitrogen of Thermo Fisher Scientific) and the RNeasy Micro Kit (Qiagen) with a DNase step. RNA concentration was measured on a Nanodrop spectrophotometer (ND-100; Thermo Fisher Scientific) and 400 ng cDNA was then synthesized using an iScript cDNA synthesis kit (Bio-Rad Laboratories). mRNA expression changes were measured using quantitative RT-PCR with IQ SYBR Green Supermix (Bio-Rad Laboratories). Quantification of mRNA changes was conducted using an iQ5 system (Bio-Rad Laboratories). Reactions were run in triplicate and analyzed using the ∆∆ C T method as described previously 36, 37 using Gapdh as a housekeeping gene.
Western blotting. NAc tissue punches from each rat were homogenized in 30 µl of homogenization buffer containing 320 mM sucrose, 5 mM HEPES buffer, 1% SDS (wt/vol), phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich; Catalog 2: P5726, 3: P0044), and protease inhibitors (Roche, Catalog 11-873-590-001). Protein concentrations were determined, and a total of 30 µg of protein was loaded onto 10% Tris-SDS polyacrylamide gels for electrophoresis separation. Proteins were transferred to nitrocellulose membranes, blocked with 5% non-fat milk (wt/vol) in PBS, and incubated overnight at 4 °C with primary antibodies diluted in Rockland Blocking Buffer (VWR International; Catalog RLMB-070-003): anti-rabbit AcvR2a (1:1500; Abcam; ab134082), anti-rabbit p-Smad3 (1:500; Calbiochem of Millipore; Catalog PS1023), anti-rabbit Smad3 (1:400; Cell Signaling Technology; Catalog 9523), and anti-mouse β-actin (1:10,000; Cell Signaling Technology; Catalog 3700). After thorough washing with PBS containing 0.1% Tween-20 (vol/vol), membranes were incubated with IRDye secondary antibodies (1:5,000; LI-COR; Catalog 926-68072) dissolved in Rockland Blocking Buffer for 1 h at 22-25 °C. The blots were imaged using the Odyssey Infrared Imaging system (LI-COR) and quantified by densitometry using ImageJ (US National Institutes of Health). The amount of protein loaded into each lane was normalized to β-actin. Full-length blots are shown in Supplementary Figures 6 and 7 .
Dendritic spine analysis. To study the role of Smad3 in the regulation of NAc shell medium spiny neuron morphology in vivo, we used methods previously described 23 . Rats injected with HSV constructs were killed 4 h after cocaine-induced reinstatement tests via transcardial perfusion of 0.9% phosphobuffered saline (PBS, wt/vol) followed by 4% paraformaldehyde (wt/vol). Brains were immersed in fixative overnight and then stored in PBS + 0.01% sodium azide (wt/vol). Brains were sectioned at 100 µm on a Vibratome (Leica Microsystems) and blocked in 3% normal donkey serum (wt/vol) with 0.3% Triton X (vol/vol) for 2 h at 4 °C. Sections were then incubated overnight at 22-25 °C in primary antibody (1:1,000 anti-rabbit GFP; Molecular Probes of Thermo Fisher Scientific) diluted in PBS with 3% normal donkey serum and 0.3% Tween-20. Tissue sections were rinsed and incubated overnight at 4 °C in anti-rabbit secondary antibody (1:1000; Jackson ImmunoResearch Laboratories).
Immunofluorescence was imaged on an LSM 510 Meta confocal microscope (Carl Zeiss) with a 63× oil-immersion objective. Images were acquired with a pinhole set at 1 arbitrary unit and a 1,024 × 1,024 frame size. Dendritic length was measured using ImageJ software, and spine numbers were counted. The average number of spines per 10 µm of dendrite was calculated. An average was obtained from 6-10 neurons per rat (n = 4-5 for each of four groups). MSN cells were located in the NAc shell. Only secondary dendrites that were at least 75 µm from cell body and able to be traced back to cell body were selected for analysis. Spine type analysis was carried out with the semi-automated software Neuron Studio (http://research.mssm.edu/cnic/tools-ns.html) that analyzes dendritic length, dendritic width, spine number and spine head diameter in three dimensions, allowing for classification into major morphological sub-types associated with spine structure and function. Subsets of neurons were analyzed for spine head diameter (6-8 neurons/animal from 3-4 sections averaged per subject). All confocal acquisition and analyses of spines were conducted by investigators blind to the experimental conditions.
ChIP followed by qPCR. Bilateral NAc punches were obtained from 1-mm-thick coronal brain sections 24 h after 7-d withdrawal from cocaine selfadministration. Seven punches from every two animals were pooled for ChIP, and one punch was used for RNA isolation followed by qPCR (as described npg determine the source of significance. Performance during the within-session dose response was analyzed using a two-factor repeated measures ANOVA, with virus (HSV-GFP, HSV-dnSmad3, HSV-wtSmad3) or microinjection (vehicle, Activin A, SB-431542) as the between-session variables, and dose as the within-subject variable, using Tukey's post hoc tests to determine the source of significance. Two-factor ANOVAs with drug (cocaine/saline) and virus (HSV-GFP, HSV-dnSmad3, HSV-wtSmad3) or microinjection (vehicle, Activin A, SB-431542) or withdrawal period (1 or 7 d) were conducted on tests of western blot, and dendritic spine analysis. Follow-up Sidak's or Tukey's post hoc tests were conducted where appropriate to determine the source of significance. Student's t-tests were conducted on tests of drug-induced reinstatement, food reinforcement, locomotor activity and one-factor ANOVAs were conducted on tests of food reinforcement, locomotor activity, qPCR, and ChIP followed by Tukey's or Fisher's LSD post hoc tests, which were corrected for multiple comparisons. Data distribution was assumed to be normal, but this was not formally tested. Significance was set at P < 0.05, and data are presented as the mean ± s.e.m.
A Supplementary methods checklist is available.
